Abstract. An adaptive one-dimensional (1-D) dimming technique for liquid crystal displays that compensates for nonuniform backlight distribution is proposed. Dimming techniques that do not consider luminance distribution may cause severe visual artifacts, such as a block artifact. However, an adaptive 1-D dimming technique that considers luminance distribution can reduce power consumption without causing any visual artifacts. Hardware implementation results verified that our method achieved lower power consumption compared to nondimming techniques and removed block artifacts from International Electrotechnical Commission 62087 standard images. The power consumption using the proposed method ranged from 85.5% to 94.7% compared to nondimming techniques. Furthermore, the contrast ratio increased by up to 231% and 165% on average compared to nondimming techniques. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI.
Introduction
Recently, the increased power consumption of liquid crystal displays (LCDs) has become a concern. [1] [2] [3] [4] [5] [6] To reduce power consumption while increasing image quality in LCDs, various technologies have been studied such as backlight dimming, [7] [8] [9] [10] [11] [12] [13] [14] [15] inversion methods, [16] [17] [18] and charge sharing methods. [19] [20] [21] [22] [23] [24] Based on a demand for slim designs and low power consumption, a side-lit light-emitting diode (LED) backlight unit (BLU) has been widely adopted not only in mobile LCD applications but also in large LCDs. [9] [10] [11] [12] [13] [14] To further reduce power consumption in LCDs, a dimming technique was developed. Dimming techniques can be generally categorized as three types: zero-dimensional (0-D), one-dimensional (1-D), or two-dimensional (2-D) dimming techniques. The 0-D dimming technique has been widely used in various devices, such as mobile devices and LCD televisions (TVs), because of low cost and simple implementation. For higher image quality and higher power savings, the 2-D dimming technique also has been adopted for large-sized LCDs. With a demand for slimmer design and lower power driving, a side-lit LED BLU has been widely adopted not only in mobile devices but also in large-sized LCDs. For this reason, the 1-D dimming technique has been widely studied. Conventional dimming techniques compensate for the luminance of each LED unit depending on the contents of the image block. Thus, the luminance of the image block area is considered to be uniform. [25] [26] [27] [28] [29] However, the luminance gradually varies across the image block depending on the distance from each LED unit. Thus, the luminance of an image block may not be uniform throughout the block when some LED units are on and others are off.
This phenomenon often causes the boundaries between image blocks to be visible. 10 In this report, we approximate the distribution with polynomial expressions based on measurements and propose a new algorithm that can be implemented easily in hardware. In addition, we demonstrate how the block artifact is eliminated, how the image quality improves, and how much power consumption is reduced.
In this paper, we propose an adaptive 1-D dimming technique for reducing the power consumption and increasing the image quality of LCDs. Through the analysis of input image data and BLU luminance distribution, our proposed 1-D dimming technique selectively dims LEDs only when the compensated image guarantees a net power benefit and higher image quality. In Sec. 2, we propose the basic principle of the adaptive 1-D dimming technique. In Sec. 3, we present the experimental results. Finally, Sec. 4 provides a summary and conclusion.
Distribution of Side-Lit Light-Emitting Diode
Backlight Unit and Pixel Compensation An adaptive dimming technique dims a BLU according to input image data. In this paper, we assume that LEDs are placed at the lower edge of the LCD panel and are divided into eight units. Figure 1 shows the schematic image of luminance distribution for dimmed LED units over an LCD panel with a side-lit LED BLU.
In Fig. 1 , a sample image is divided into eight blocks (i'th image block, i ¼ 1 to 8). Moreover, LEDs are divided into eight regions (i'th LED unit, i ¼ 1 to 8). Figure 1(a) shows the ideal luminance distribution of four turned-on LED units while the other four are off. However, we found that the actual luminance distribution appears as shown in Fig. 1(b) .
A severe visual artifact, such as a block artifact, may be unavoidable if the ideal luminance distribution of the turnedon LED units is used. To eliminate this problem, we need to *Address all correspondence to: Seung-Woo Lee, E-mail: seungwoolee@khu .ac.kr determine the actual luminance distribution over the entire panel. Figure 2 (a) shows the measured luminance distribution of one LED unit. We measured the luminance data of the panel along the x-and y-directions using a BLU module inspection system, BLU-1000. To represent the backlight distribution in a compensation algorithm, we approximated the luminance distribution of the i'th LED unit by two simple polynomial expressions for the x-and y-directions:
where Y x i and Y y i are the luminance distributions of the i'th LED unit in the x-and y-directions, respectively; x and y range from 1 to 1024 and from 1 to 768, respectively; x i 0 th LED is the location of the i'th LED unit ranging from 1 to 1024; Y xy i is the entire luminance distribution of the i'th LED unit obtained from Eq. (1) and (2); and Y xy , the actual luminance at location ðx; yÞ, is the sum of luminance contributions by eight LED units as in Eq. (4):
Using these equations, we modeled the luminance distribution of one LED block unit based on the Eqs. (1)- (3), as shown in Fig. 2 (b).
where BLU i , divided into 256 levels from 0 to 255, is the backlight level of the i'th LED unit that is determined by our proposed Eq. (5); Max i and Avg i are, respectively, the maximum and average values of the input image corresponding to the i'th image block; and α i is an adjusting value. When the average value of the i'th block is higher than the average value of the entire image, it means that the highlight such as star light is mainly located in the i'th block. To maintain the image quality, the adjusting value α i is adjusted to α H . When the average value of the i'th block is lower than the average value of the entire image, it means that the highlight is not mainly located in the i'th block. To reduce the power consumption, the adjusting value α i is adjusted to α L . To maintain the same luminance after dimming the backlight, G Reduced is introduced and calculated using Eq. (6). 7 G is an image data level that ranges from 0 to 255. G Full and BLU Full are the image data and BLU level, respectively, when the backlight is fully turned on.
Conventional methods compensate for the dimmed luminance by increasing image data as in Eq. (6) without considering the nonuniform luminance distribution of the BLU. 7 If pixels are compensated based on Eq. (6), severe block artifacts may be caused because BLU i does not fully reflect the luminance distribution over the screen. Therefore, we suggest a novel pixel compensation as follows:
Turned-on LEDs 3 Experimental Results
Simulation Result
In order to verify the elimination of the block artifact, we simulated a 1-D dimming technique with nonuniform luminance distribution and measured the luminance distribution using MATLAB. Figure 3(a) shows the simulated image of a block artifact caused by this 1-D dimming technique using conventional pixel compensation as in Eq. (6). Using our proposed pixel compensation from Eq. (7), the image has no block artifact, as can be seen in Fig. 3(b) .
Hardware Implementation
In this paper, we performed experiments using an 11-in. XGA (1024 × 768) thin film transistor LCD with eight LED drivers that controlled eight LED units. A field-programmable gate array (FPGA) board was used to analyze image data and generate eight pulse-width modulation signals to dim eight BLU units independently. Equations (3) and (4) are considerably complex to be implemented on the FPGA board, therefore, we made eight look-up tables (LUT) corresponding to the LED units. The size of each LUT was 46,080 bits. Furthermore, to prevent the visual artifacts such as flicker and light leakage caused by rapid change of BLU level, we adjusted BLU level using the lowpass filter. We also implemented 0-D dimming in which LEDs were placed at the lower edge of the LCD panel and divided into eight units; however, we assumed 1-D dimming techniques for comparison. Figure 4 depicts the 24 KODAK images and 10 test images used to compare power consumption among different driving techniques. We determined the BLU levels using Eq. (5) for both 0-D and the proposed 1-D dimming schemes. We measured power consumption for four cases: no dimming, 0-D, 1-D, 10 and the proposed 1-D. Table 1 shows the relative power consumption for the 24 static images compared with no dimming. When our 1-D dimming was adopted, power consumption was reduced to as low as 45.2% (for image 34), as shown in Table 1 . On average, our proposed 1-D dimming technique saved 8.0% power compared with no dimming for the 24 KODAK images. Our 1-D dimming saved 3.3% and 3% more power compared with its 0-D and 1-D 10 dimming counterparts for the 24 KODAK images. Furthermore, due to the dimmer LED in dark areas, power consumption was reduced to as low as 45.2% (for image 34), as shown in Table 1 . On average, due to the dimmer LED, particularly in dark images, our proposed 1-D dimming technique saved 25.0% power compared with no dimming for 10 test images. On average, our proposed 1-D dimming technique saved 13.0% power compared with no dimming for 34 images. Our 1-D dimming saved 8.0% and 0.9% more power compared with its 0-D and 1-D 10 dimming counterparts for 34 images. Moreover, we measured power consumption based on the International Electrotechnical Commission (IEC) 62087 standard. 30 The IEC 62087 standard defines a method for measuring the power consumption of a display unit when displaying a moving picture. Figure 5 shows the comparison results of power consumption based on the IEC 62087 standard. When we applied 0-D dimming, power consumption was reduced to 93.8% compared with no dimming on average. When we applied our 1-D dimming method, power consumption was decreased to 78.9% on average. These results show that power measurement based on the 10 selected images matched very well with that based on the video clip provided by IEC. 
Power Consumption Reduction

Contrast Enhancement
To evaluate whether our proposed method enhances the contrast ratio (CR), we measured CRs using four test patterns, as shown in Fig. 6 . When the LCDs display a black color on the screen, light is generated by BLU. However, there is always small amount of transmitted light called light leakage. Thus, the CR of LCDs is relatively low because of the light leakage. When the dimming technique is adopted, the luminance of the dark area drops significantly because of the dimmed backlight, which then leads to higher CR. Therefore, to represent the deep black color and improve the CR, local dimming technology should be adopted. We measured luminance at the locations indicated by the dashed circles shown in Fig. 6 . Table 2 shows the CR comparison between no dimming and 1-D dimming. When 1-D dimming was adopted, the CR increased by up to 231% and 165% on average compared to the undimmed image.
Block Artifact Elimination
We evaluated whether our proposed method could eliminate a block artifact. Figure 7 shows photos of an LCD screen before and after application of our proposed method. Pixel data were compensated by using Eq. (7). As shown in Fig. 7(b) , the block artifact was invisible. 
Conclusion
We proposed an adaptive 1-D dimming technique for LCDs that considers the actual luminance distribution of a dimmed BLU. By considering the luminance distribution of the BLU and the input image, the simulation result and hardware implementation showed that the proposed 1-D dimming technique reduced power consumption significantly while maintaining the image details of static and moving pictures and also achieved a higher CR. As the performance of displays becomes a greater issue, especially for mobile applications, our proposed method could contribute to displays with significantly lower power consumption and longer battery life than currently available displays. We foresee our proposed method being applicable to mobile devices, monitors, and televisions. 
